Rationale: Pulmonary arterial hypertension (PAH) is characterized by progressive narrowing of pulmonary arteries, resulting in right heart failure and death. BMPR2 (bone morphogenetic protein receptor type 2) mutations account for most familial PAH forms whereas reduced BMPR2 is present in many idiopathic PAH forms, suggesting dysfunctional BMPR2 signaling to be a key feature of PAH. Modulating BMPR2 signaling is therapeutically promising, yet how BMPR2 is downregulated in PAH is unclear.
Pulmonary arterial hypertension (PAH) is a devastating disease, characterized by progressive, occlusive pulmonary vasculopathy ultimately leading to right heart failure and a considerably shortened life-span. Mutations in the BMPR2 (bone morphogenetic protein receptor type 2) gene are present in z75% of patients with familial PAH (FPAH) (1) , clearly linking BMPR2 to the pathogenesis of the disease. Although BMPR2 mutations and reduced BMPR2 expression were reported in many patients with idiopathic PAH (IPAH) and FPAH (2) (3) (4) , surprisingly only a relatively small proportion (z20%) of BMPR2 mutation carriers develop a clinical PAH phenotype, suggesting additional environmental or genetic factors or "second hits" involved in disease development, by either reducing BMPR2 signaling below a critical threshold or targeting BMPR2-independent pathways relevant for PAH pathogenesis.
Current PAH treatments are insufficient, as most approved PAH drugs primarily function as vasodilators or potential right ventricular (RV) stabilizers (5) , leaving the pulmonary vasculopathy to progress unchecked. Therapeutic targeting of BMPR2 signaling is considered an attractive strategy to improve PAH (6) (7) (8) (9) , independent of the BMPR2 mutational status, as our group showed with the repurposed drug FK506 that increases BMPR2 signaling (10) (11) (12) . Our goal was therefore to identify and pharmaceutically target BMPR2 modifier genes to increase BMPR2 signaling or expression in patients with FPAH and IPAH.
In this study, we combined a systematic siRNA high-throughput screen (HTS) of genes that regulate BMPR2 signaling with a novel multicohort and multitissue analysis approach of publicly available PAH RNA expression. The siRNA screen identified BMPR2 activating genes that when knocked down reduced BMPR2 signaling as assessed by ID1 expression. Cross-validating these genes with genes consistently downregulated in the publicly available PAH gene expression data set allowed us to identify BMPR2 modifier genes of potential clinical relevance in PAH. We hypothesized that approaches that upregulate these genes would improve pulmonary hypertension. We identified FHIT (fragile histidine triad) as a potential modifier gene in PAH, showing that reduced FHIT expression was associated with reduced BMPR2 signaling and endothelial cell (EC) dysfunction in vitro and in vivo. FHIT is a member of the histidine triad family, located on chromosome 3, overlapping the FRA3B locus (13) , the human common fragile site most susceptible to replication stress and associated deletions. The tumor suppressor gene FHIT is readily lost after exposure to carcinogens or stressors, such as cigarette smoke and ultraviolet irradiation (14, 15) . FHIT is highly expressed in the lung (16) but is commonly lost in lung cancer and other malignancies (17, 18) . Moreover, FHIT is implicated in apoptosis and proliferation in various cell types (19, 20) , potentially linking it to the abnormal proliferative phenotype observed in PAH endothelial and smooth muscle cells (PASMCs). We show that FHIT and BMPR2 expression can be upregulated by enzastaurin, a cancer drug that appeared to be well tolerated in the context of a phase 2 clinical trial when administered for two cycles of chemotherapy for a total of >56 days to prevent lymphoma relapse (21) . Enzastaurin prevented and reversed experimental pulmonary hypertension (PH) progression by increasing FHIT yet also by FHIT-independent effects involving miR17-5. We propose that FHIT levels are mechanistically important in PH pathogenesis and that enzastaurin would present an ideal candidate for clinical translation. Some of the results of these studies have been previously reported in the form of an abstract (22) .
Methods
A siRNA HTS of .22,000 genes using a mouse myoblastoma Id1-BRE luciferase reporter assay was used as previously described (12) .
Meta-analysis of Publicly Available PAH Gene Expression Data
A novel integrated meta-analysis algorithm and a validation cohort was used to crossvalidate the BMPR2 modifier genes from the mouse HTS in seven publicly available human PAH transcriptomic data sets from the National Center for Biotechnology Information Gene Expression Omnibus.
Animal Models
Adult wild-type C57BL/6, Bmpr2 1/2 , or Fhit 2/2 mice at 8-10 weeks of age were housed in chronic hypoxia (10% O 2 ) for 3 weeks, followed by a recovery period of 4 weeks in normoxia (21% O 2 ). Bmpr2
and Fhit 2/2 mice and littermates were treated with a daily dose of enzastaurin (15 and 5 mg/kg/d) or vehicle for the duration of the study, administered with a mini-osmotic pump. Development of experimental PH was induced in adult Sprague-Dawley rats (8 wk old, 180-220 g) through a subcutaneous dose of the VEGFR-2 inhibitor Sugen5416 (20 mg/kg body weight), followed by exposure to chronic hypoxia (10% O 2 ) for 3 weeks and normoxia for 5 weeks (21% O 2 ), as previously described (12) . SuHx rats and littermates were treated with a daily dose of enzastaurin (5 mg/kg body weight) or vehicle for 3 weeks, administered through oral gavage.
At a Glance Commentary
Scientific Knowledge on the Subject: Familial pulmonary arterial hypertension (PAH) is most commonly caused by an underlying mutation in the BMPR2 (bone morphogenetic protein receptor type 2) gene (z75% of cases). Reduced expression of BMPR2 occurs in both familial and idiopathic PAH, highlighting the central role of aberrant BMPR2 signaling in PAH. Modulating BMPR2 signaling can halt disease progression and presents a valuable therapeutic strategy. The objective of this study was to identify and target BMPR2 modifiers for the prevention and reversal of PAH pathogenesis.
What This Study Adds to the
Field: This study presents the previously undescribed BMPR2 modifier gene FHIT (fragile histidine triad). The expression of FHIT is decreased in patients with PAH, and its loss in vitro and in vivo leads to the development of cellular hallmarks of PAH and experimental pulmonary hypertension (PH) in response to hypoxia. Pharmaceutical elevation of FHIT levels with enzastaurin prevents and reverses experimental PH caused by Sugen5416/hypoxia/normoxia exposure, representing a potential novel treatment strategy for PAH therapy and prevention.
All animal experiments were approved by the Stanford University Institutional Animal Care and Use Committee.
Isolation of Cells from Human PAH Patients
Pulmonary artery ECs (PAECs) of patients with IPAH and FPAH at the time of lung transplant were obtained from digested whole-lung tissue, using CD31-AB pulldown beads as previously described (12) . Peripheral blood mononuclear cells (PBMCs) were isolated from patients with PAH with negative BMPR2 mutation status or healthy volunteers through Ficoll-Paque density gradient centrifugation (10) . Lymphocytes from BMPR2 mut1 patients with PAH and their unaffected relatives were isolated from the whole blood using gradient centrifugation and subsequently virally transformed, as previously described (23) .
For a detailed description of the methods, please see online supplement.
Results

HTS of BMPR2 Modulators and Multicohort PAH Gene Expression Assay
To find "BMPR2 modifier genes" we conducted an HTS with a murine genomewide siRNA library (Qiagen) that included 22,124 murine genes (open reading frames), with four pooled siRNAs for each gene using the BRE-Id1-Luc reporter cell line as previously described (12) Figure 1 . Identification of BMPR2 regulatory genes by a siRNA high-throughput screen (HTS) and pulmonary arterial hypertension (PAH) meta-analysis. A mouse high-throughput siRNA screen of .22,000 genes was conducted, using an Id1-BRE luciferase reporter assay in a C2C12 mouse myoblastoma cell line treated with or without 250 pM BMP4, as previously described (12) . BMP4 was conducted, as previously described (12) . (A) Targets were identified by a decrease in Id1 expression <60% and viability >80% in response to stimulation, yielding 74 meaningful HTS candidates. To identify a PAH signature, the candidates were validated with gene expression data from an integrated meta-analysis algorithm of PAH lung and immune cell (peripheral blood mononuclear cell) datasets and a further validation cohort. (B) Of eight genes that were altered in patients with idiopathic PAH, fragile histidine triad expression was most consistently downregulated throughout all data sets. (C) PAH gene expression profile and antisignature compared with the gene signature of enzastaurin and dasatinib. BMPR2 = bone morphogenetic protein receptor type 2; FDR = false discovery rate; FHIT = fragile histidine triad; IPAH = idiopathic PAH; LOO = leave-one-out; NCBI = National Center for Biotechnology Information; PBMC = peripheral blood mononuclear cells.
BMPR2 signaling. In a two-step screening approach, target gene siRNAs decreased Id1 expression to <60%, comparable to siBMPR2, while maintaining a general cell viability of >70% with four siRNAs or >80% with two siRNAs, respectively, to exclude cell death response genes. This yielded 74 BMPR2-modifier gene candidates that were then compared with multicohort, multitissue PAH gene expression data sets obtained from the public domain (24) (25) (26) to identify a subset of genes that were differentially downregulated in patients with IPAH versus control subjects ( Figure 1A ). We identified eight candidate genes with decreased expression in patients with IPAH and thereby of potential clinical importance in PAH that overlapped with HTS candidate BMPR2-modifier genes: ITGA6, FHIT, LCK (lymphocyte-specific protein tyrosine kinase), and CD7 from the PBMC data sets and PP1R15B, PPM1A, GRIN2B, and DUSP7 from the lung datasets ( Figure 1B ). The most promising as related to PAH pathogenesis appeared to be FHIT and LCK. FHIT was most consistently reduced (by .50%), arguing for a consistent role in PAH pathology. LCK was strongly connected to PAH pathogenesis, as LCK is known to be inhibited by dasatinib (27) , a reported trigger of drug-induced PAH (28) . We furthermore compared the PAH gene expression signature derived from the public available PAH transcriptomic PBMC data sets, predicted a complementary anti-PAH signature, and compared both with the gene expression profile of two drugs, dasatinib and enzastaurin, a drug known to increase FHIT. Both drug profiles were derived from the LINCS database that profiled a large number of drugs across many cell lines (www.lincscloud.org). In the gene cluster containing FHIT, enzastaurininduced gene regulation was similar to the PAH antisignature ( Figure 1C, box) , whereas dasatinib-induced gene regulation resembled the PAH signature. We hypothesized that drugs that mimic the PAH gene expression signature may be detrimental to PAH, such as dasatinib, whereas drugs that reverse the PAH signature, such as enzastaurin, would be beneficial. As the list of enzastaurininduced gene regulation shows, FHIT is one of many genes that is regulated by enzastaurin, supporting our findings of FHIT-independent enzastaurin drug effects. As FHIT and LCK were identified in the PBMC gene expression data set, we first investigated whether FHIT was consistently decreased in cells from PAH patients, that is, PBMCs, PAECs, and transformed lymphocytes, as well as lung tissue. We measured BMPR2, FHIT and LCK expression in PBMCs from eight patients with PAH without BMPR2 mutations, and confirmed that expression of all three genes was significantly reduced (Figures 2A-2C ). Microvascular ECs isolated from lungs from patients with IPAH harvested at the time of lung transplantation (12) (see Table  E1 in the online supplement) showed a positive correlation between FHIT and BMPR2 mRNA expression ( Figure 2D ). Immunohistochemistry staining of FHIT and BMPR2 was reduced in patients with FPAH and IPAH compared with donor lungs (Figures 2E and E15 and Table  E1 ). Although BMPR2 was strongly and uniformly reduced, as expected in the presence of a BMPR2 mutation, the patchy decrease in FHIT was limited to the neointima and subendothelial layer (Figures 2E and E15), suggesting an incomplete overlap between FHIT and BMPR2 with regard to their gene expression and potential role in vascular remodeling.
We next determined the expression of these genes in patients with FPAH with a BMPR2 mutation and healthy obligate BMPR2 carriers to assess whether they may modify disease penetrance in FPAH. A cohort of seven families with a BMPR2 mutation was selected: 10 patients with a BMPR2 mutation (P1-P8), 10 related healthy, obligate BMPR2 mutation carriers (C1-C8), and unrelated healthy control subjects (Table E1) . In transformed lymphocytes, extracted as previously described (29) Figure 3C and 3D). Of interest, siFHIT decreased LCK expression to 50%, suggesting a potential interdependence of both modifier genes ( Figure 3D ).
How FHIT and LCK levels regulate BMPR2 expression is unknown. As microRNAs have been shown to play a major role in the regulation of BMPR2 signaling in PAH (30, 31), we used a candidate approach and investigated whether selected microRNAs would orchestrate FHIT-and LCK-mediated regulation of BMPR2 expression in PAECs. We focused on miR17-5 and miR100, both direct regulators of BMPR2, and miR27a, a readout for canonical Smad signaling (30, 32) . Reductions of FHIT mRNA by siRNA increased the expression of miR17-5 (threefold to fourfold; Figures 3E and 3K) and miR27a (fourfold; Figure 3L ), but not miR100 expression ( Figure 3G ). LCK deficiency strongly increased both miR17-5 and miR100 expression by eightfold or twofold, respectively ( Figures 3E and 3F) .
Treatment with enzastaurin for 24 hours (15 mM) increased FHIT, BMPR2, and Id1 expression in PAECs ( Figures  3G-3I and E11) . Interestingly, enzastaurin (15 mM) was able to rescue FHIT mRNA knockdown (treatment for 24 h after knockdown with siRNA, Figure 3J ), supporting the previous finding that enzastaurin potently upregulates FHIT expression. Furthermore, enzastaurin inhibited siFHIT-mediated increases in miR17-5 and miR27a ( Figures 3K and 3L) , providing some mechanistic insight into how FHIT and enzastaurin might regulate BMPR2 levels by modulating miRNA expression ( Figure 3M) . We inhibited the siFHIT-mediated miR17-5 increase with concomitant anti-miR17-5 transfection and showed that blocking miR17-5 rescued BMPR2 and ID1 expression, suggesting that FHIT mediated BMPR2 modulation is in part miR17-5 dependent ( Figure E10 ). We then determined whether the effect of enzastaurin on BMPR2 modulation is miR17-5 dependent and whether enzastaurin might even regulate FHIT via miR17-5 ( Figure E16 ). In PAECs, enzastaurin downregulated miR17-5 and BMPR2 ( Figures E16A and E16B) . Adding an miR17-5 mimic to enzastaurin neutralized the effect of enzastaurin on miR17-5 as well as on BMPR2 expression, suggesting that the effect of enzastaurin on BMPR2 was miR17-5 dependent. Alternatively, the effect of enzastaurin on FHIT elevation was not miR17-5 dependent ( Figure E16D) , and also the effect of enzastaurin on Id1 did not require downregulation of miR17-5 ( Figure E16C ). We therefore concluded that enzastaurin can increase BMPR2 via a dual mechanism, that is, by reducing miR17-5 directly (independently of FHIT) and via increasing FHIT. Furthermore, the enzastaurinmediated increase in Id1 expression was not miR17-5 dependent.
Enzastaurin Upregulates FHIT/BMPR2 Signaling and Prevents Vascular Dysfunction Induced by FHIT Deficiency In Vitro
Given that PAH is characterized by loss of pulmonary vessels (33), we investigated how FHIT expression relates to inhibition of vessel formation, increased apoptosis, DNA damage (34, 35) , and cell Table E1B ). (E) Representative pulmonary anti-BMPR2 and anti-FHIT immunohistochemistry (horseradish peroxidase, brown staining) in lung tissue from patients with PAH and donor control subjects at time of transplant (n = 3; for patient demographics, see Table E1C ; scale bars, 20 mm). (F and G) qPCR analysis of FHIT and BMPR2 expression in transformed lymphocytes from patients with FPAH, nonaffected BMPR2 mutation carriers, and healthy control subjects (n = 10; mean 6 SEM; *P , 0.05, one-way ANOVA, Dunnett post hoc test; for patient demographics, see Table E1A ). (H and I) qPCR analysis of FHIT and BMPR2 expression in transformed lymphocytes from selected families (n = 5; P indicates patients with FPAH; C indicates healthy mutation carrier; the arrows point toward the carriers with consistently increased FHIT and BMPR2 compared with their FPAH family members; for patient demographics, see Table E1A ). PAEC = pulmonary artery endothelial cell; PBMC = peripheral blood mononuclear cell. ; n = 3; mean 6 SEM; ***P , 0.001 vs. Ntsi, one-way ANOVA, Dunnett post hoc test; scale bars, 1 mm). (C) Caspase-3/7 luminescence in siBMPR2 and siFHIT PAECs rescued by 15 mM enzastaurin (t = 48 h after transfection; RNAiMAX, Caspase-Glo 3/7 assay; n = 3; mean 6 SEM; ****P , 0.0001 vs. Ntsi, # P , 0.05, #### P , 0.0001 vs. untreated control, one-way ANOVA, Dunnett post hoc test). (D and E) gH2AX staining in siBMPR2 and siFHIT PAECs rescued by 10 mM enzastaurin for 24 hours (t = 72 h after transfection; Dharmafect; n = 3; mean 6 SEM; proliferation in PAECs. We therefore assessed whether decreasing FHIT and BMPR2 expression in PAECs worsened EC dysfunction and whether treatment with enzastaurin for 24 hours could rescue the phenotype. Loss of FHIT and BMPR2 impaired PAECs tube formation 6 hours after cells were seeded in a Matrigel tube formation assay (12) compared with cells treated with control Ntsi (Figures 4A and  4B ). Enzastaurin treatment fully reversed the defects in tube formation in FHIT-and BMPR2-deficient PAECs after 24 hours, in accordance with its ability to increase FHIT expression at this time point ( Figure 3J) .
As a cumulative viability measurement, we quantified caspase-3/7 activity, using the luminescent Caspase-Glo 3/7 assay (36), and DNA damage, using histone H2AX phosphorylation by immunofluorescence and quantification as nuclear area staining (percentage) by confocal microscopy (34, 35, 37) . Reducing FHIT and BMPR2 mRNA activated caspases in PAECs 48 hours after transfection ( Figure 4C ), whereas enzastaurin decreased siBMPR2-and siFHIT-induced PAEC apoptosis. Reducing FHIT levels increased DNA damage after 48 hours about fourfold to Ntsi controls ( Figures 4D and 4E) , comparable to the degree of DNA damage observed in previous PBMC studies for patients with PAH (35) . DNA damage induced by FHIT or BMPR2 loss was significantly attenuated by enzastaurin in PAECs. PAEC proliferation was assessed via a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide proliferation assay and hemocytometer cell counts (36). Enzastaurin did not elicit cell toxicity by a trypan blue viability assay. We rather observed increased cell numbers following treatment with enzastaurin (up to 50 mM), likely reflecting decreased apoptosis, as no increase in PAEC proliferation was detected ( Figures 4F and 4G) .
Given the role of SMCs in medial hypertrophy and vascular remodeling in PAH, we determined that reductions in FHIT ( Figures 4H and 4I ), but not BMPR2 ( Figure 4J ), increased PASMC proliferation in vitro ( Figure 4I ) that was rescued by enzastaurin. We conclude from these data that FHIT loss promotes PAEC and PASMC dysfunction, which can be improved by enzastaurin in an FHIT-and BMPR2-dependent manner. The stronger beneficial effect of enzastaurin on PAEC function compared with PASMC function might be explained by the stronger expression of BMPR2 in PAECs, which might make them more responsive to BMPR2-modulating therapies.
FHIT Deficiency In Vivo Predisposes to Exaggerated PH in Response to Hypoxia
Reduced FHIT in patients with PAH and the importance of adequate FHIT levels in EC and SMC function led us to determine whether FHIT loss predisposes to PH in vivo. Fhit 2/2 mice and wild-type littermates (8 wk of age, male/female) were exposed to chronic hypoxia (10%) for 3 weeks followed by a recovery period in normoxia (21%, 4 wk) (38, 39) . PH was assessed by measurement of RV systolic pressure (RVSP) through the right jugular vein. Animals were killed and tissue was collected at 3 and 7 weeks, respectively. RV hypertrophy (RVH) was assayed using the weight ratio of the right ventricle to left ventricle and septum weight. C57BL/6 wild-type mice displayed a stereotypical adaptation response to hypoxia, with increases in RVSP ( Figures 5A and E2) , RVH ( Figures 5B and E2 ), vascular rarefaction in arterioles and venules ( Figures 5C and 5D) , and increased muscularization ( Figures 5E and 5F ), all reversible upon return to room air. In contrast, Fhit 2/2 mice displayed an exaggerated increase in RVSP and RVH, increased vascular rarefaction, and muscularization in hypoxia, with incomplete resolution after 4 weeks of normoxia (Figures 5A-5F and E2) yet no RV fibrosis ( Figure E9 ). Furthermore, baseline muscularization extended into more distal vessel generation in Fhit 2/2 mice (7-10 generations) compared with littermate control mice ( Figures 5G and  5H) , where no muscularized vessels were observed beyond the seventh generation (for detailed description, see online supplement) (40) . Of note, we discovered a sex difference in the degree of baseline RVSP, RVH, vascular rarefaction and small vessel muscularization (for detailed description, see online supplement).
As expected, FHIT protein was absent in Fhit 2/2 lungs in all conditions ( Figure 5I ), and FHIT mRNA was not detectable in Fhit 2/2 lung tissue. The observed faint band on Western blot that runs slightly higher than FHIT is likely some unspecific band, as the Fhit 2/2 mouse contains a termination codon introduced into the exon 5 coding region of FHIT, with exon 5 being the first protein coding exon, so that the termination prevents translation of a protein (38, 41) . Chronic hypoxia decreased BMPR2 protein in Fhit 2/2 lungs, correlating with the observed RVSP and RVH increases in chronic hypoxia in Fhit 2/2 mice ( Figure 5I) . Surprisingly, Fhit 2/2 mice exposed to hypoxia and treated with enzastaurin (5 mg/kg/d via mini-osmotic pump) showed an improved PH as well as increased BMPR2 and ID1 expression in whole-lung tissue, suggesting FHIT-independent mechanisms of enzastaurin on BMPR2 modulation ( Figure E8 ). In line with our cell culture work, enzastaurin was able to decrease miR17-5 and miR27a, independent of FHIT ( Figures E8F and E8G ).
Enzastaurin Prevents PH in Mice Exposed to Chronic Hypoxia
Given the ability of enzastaurin to increase FHIT and BMPR2 levels as well as its beneficial effect on endothelial and smooth muscle cell dysfunction, we used enzastaurin in in vivo rodent models to assess its propensity to prevent or reverse experimental PH and vascular remodeling. Owing to the increased severity of PH in male Fhit 2/2 mice in hypoxia, we used enzastaurin exclusively in male animals. As Figure E4 ), vascular rarefaction, as well as muscularization of distal vessels ( Figure E4 ) in Bmpr2 1/2 and wild-type mice. We furthermore treated C57BL6 mice exposed to 3 weeks of hypoxia with either FK506 (0.05 mg/kg/d), enzastaurin (5 mg/kg/d), or a combination of both and documented an additive effect of FK506 and enzastaurin with regard to prevention of PH (as measured by RVSP), BMPR2, as well as ID1 expression ( Figure E7 ). The effect of enzastaurin in FHIT-competent animals seemed not solely to be mediated through miR-17-5 ( Figure E7F ) but potentially related to the effect of enzastaurin on miR27a ( Figure E7G ).
Enzastaurin Reverses Experimental PH in Sugen5416/Hypoxia/Normoxia Rats
As a reversal model, we used the Sugen5416/hypoxia/normoxia rat model, which mimics human end-stage PAH and is characterized by extensive vascular remodeling.
Sprague-Dawley rats were subcutaneously injected with 20 mg/kg Sugen5416 once and housed in chronic hypoxia (10%, 3 wk), followed by 5 weeks in normoxia as previously described (42) . Eight weeks after subcutaneous Sugen5416 injection, rats received daily oral gavage with 5 mg/kg/d enzastaurin or vehicle control for 3 weeks. Hemodynamic assessment of the animals (echocardiography, right heart catheter) was performed before sacrifice and tissue collection. Rats developed severe obliterative endstage PH that was characterized by luminal obliteration and right heart failure (Figuress 6D-6H and E5). Consistent with the histological observations, RVSP (.100 mm Hg) and RVH were severely increased in Sugen5416-injected rats ( Figures 6A and 6B) , and increased interstitial fibrosis was observed in the right ventricle in these animals ( Figures 6I-6K) .
Treatment with enzastaurin increased FHIT and BMPR2 expression in whole lungs ( Figure 6G ), nearly entirely reversed vascular occlusions ( Figure 6D) , and potently reduced muscularization of small and large vessels ( Figure 6E ), as well as RVH ( Figure 6B ) and RV fibrosis ( Figure 6I ). RVSP was reduced by .30 mm Hg in enzastaurin-treated Sugen5416/hypoxia/ normoxia rats.
Discussion
BMPR2 signaling is severely impaired in patients with FPAH compared with unaffected mutation carriers (29, 43, 44) , suggesting 1) a threshold of BMPR2 expression or signaling below which PAH develops, 2) the presence of BMPR2-modifying factors, or 3) additional pathways that contribute to PAH pathogenesis.
We identified FHIT and LCK in an extensive siRNA HTS of .22,000 genes as novel BMPR2 modifier genes. To confirm a likely clinical importance in PAH, we cross-validated gene expression of both genes in a novel multicohort, multitissue analysis of PAH transcriptome databases that included all PAH etiologies and confirmed that FHIT was consistently and severely downregulated in all datasets. As downregulation of LCK was more variable, we mainly focused in this study on understanding the role of FHIT in PAH. FHIT was most consistently downregulated in PBMCs, which are thought to be valid surrogates for ubiquitous gene expression in patients with PAH (35, 43, (45) (46) (47) . We validated our findings of reduced FHIT expression in human PAH lymphocytes, PAECs, and lung tissue, respectively.
We propose that FHIT is a modifier gene that contributes to variable penetrance of PAH in predisposed individuals with a BMPR2 mutation, consistent with the multiple-hit theory of PAH development. In support of this proposal, the low penetrance of BMPR2 mutations in PAH of 20% (1) is comparable to the genetic predisposition of mammary carcinoma by BRCA1 mutations, with likewise only 20-45% penetrance (48) . FHIT serves as a disease sensitizer in sporadic breast cancer, where a one allele loss of BRCA1 and FHIT resulted in a poor prognosis with a more aggressive phenotype (48) . Similarly, simultaneous loss of FHIT and p53 in lung cancer led to predisposition for aggressive lung cancer by dysregulating pro-proliferative pathways (49) . Decreased FHIT was a prerequisite, but not sufficient, to induce a carcinogenous phenotype in vitro (50), consistent with the increased genomic instability in Fhit 2/2 mice (51). We further propose that low FHIT levels might also contribute to the observed low levels of BMPR2 in patients without FPAH, given that we measured reduced FHIT expression across different PAH etiologies. The mechanism of reduced FHIT expression in PAH is unknown and warrants further investigation. Epigenetic silencing or heterozygous loss of FHIT may occur due to its location on the fragile site FRA3B (13), where strand breakages commonly appear following hypoxia or carcinogen exposure, such as cigarette smoke (52) (53) (54) . Despite the reported independence of FHIT expression from FRA3B site breakage in healthy adults (55) , the increased mutagen sensitivity and potential concomitant defects in the DNA damage repair system through p53 (56) may predispose patients with PAH to FHIT reductions. Alternatively, hypermethylation of FHIT or its promoter (57) (58) (59) observed in malignancies such as lung cancer (60) (61) (62) (63) (64) may also account for low FHIT expression in PAH.
We confirmed that FHIT was an upstream regulator of BMPR2 and Id1 and that enzastaurin, a drug previously shown to increase FHIT expression (65) , increased FHIT, BMPR2, and Id1 expression in PAECs. To mechanistically understand how FHIT might regulate BMPR2 signaling, we assessed the expression of selected BMPR2-regulatory microRNAs. Both miR17-5 and miR100 target BMPR2 in vascular (30, 66) and nonvascular cells alike (30, 66, 67) . miR17-5 downregulates BMPR2 via IL-6/STAT3-mediated signaling (68) . Reduced FHIT expression increases miR17-5, an effect rescued by enzastaurin. Reduced FHIT expression increases miR27a, an miRNA shown to be increased in PBMCs of patients with endstage PAH (11) . miR27a inhibition seems beneficial, as it reduced PAEC proliferation (30) and prevented PASMC growth in the pulmonary artery via BMPR2/PPARg (69). Similar to miR17-5, enzastaurin was able to rescue the increase in miR27a induced by FHIT loss. Inhibiting miR17-5 using antagomirs rescued the siFHIT-induced BMPR2 repression, and might therefore present a promising treatment strategy, as similar approaches have recently shown (32, 70) , with the caveat being that targeting single microRNAs likely represents too much of a reductionist approach to achieve significant improvement of vascular remodeling in human PAH. Fhit 2/2 mice develop pulmonary hallmarks of PAH: muscularization of small arteries and distal artery rarefaction, exaggerated PH after hypoxia, as well as a failure to recover after reoxygenation. In that respect, Fhit 2/2 mice strongly resemble mice with an endothelial deletion of Bmpr2 (71) . In addition to absent FHIT expression throughout the experiment, Fhit 2/2 mice developed reduced BMPR2 levels in hypoxia compared with C57BL/6 mice, potentially accounting for the more severe PH phenotype in hypoxia. Whereas BMPR2 levels normalized after 4 weeks of reoxygenation, Fhit 2/2 mice still failed to fully recover, which could be explained either by a slower recovery from more severe vascular damage/dysfunction in Fhit 2/2 mice or additional BMPR2-independent roles of FHIT required for recovery. The finding that treatment with enzastaurin was able to improve PH in Fhit 2/2 mice and increase BMPR2 and ID1 expression was very surprising to us and suggests additional FHIT-independent effects of enzastaurin that are mediated by a direct regulation of miR17-5.
Vascular dysfunction in PAH is thought to be initiated by endothelial injury and early apoptosis leading to pulmonary vessel loss (12), followed by proliferation of apoptosis-resistant vascular cells (72) . Heightened baseline DNA damage and mutagen sensitivity in vivo (26, 34, 35) , which may predate disease onset (73) , likely further contribute to EC vulnerability. FHIT loss leads to an increased sensitization to mutagen damage and therefore might pose a risk factor for vascular injury and failed recovery. We showed that reduced levels of FHIT and BMPR2 are associated with vascular dysfunction, causing apoptosis, impaired tube formation, and increased DNA damage in PAECs as well as heightened proliferation of PASMCs, consistent with the reported aggravation of DNA damage upon FHIT loss in preneoplasia (74) . Alternatively, strategies that increase BMPR2 signaling, as we show in this study by using enzastaurin, improved these vascular phenotypes (7, 12, 75, 76) .
FHIT is known to suppress EGFR/ Src/ERK/Slug-regulated endothelialmesenchymal transition in lung cancer cells. Reduced FHIT levels therefore could facilitate endothelial-mesenchymal transition, and, together with the increased proliferation of SMCs with low FHIT levels, could explain the increase in a smooth muscle actin-positive cells, medial hypertrophy, and adventitial hypertrophy of distal pulmonary vessels that we have observed (77) (78) (79) . The vascular rarefaction observed in Fhit 2/2 mice may be attributed to increased PAEC apoptosis in distal arteries, defects in cell-cell adhesion, or migration of PAECs to sites of vascular injury, as evidenced by increased numbers of circulating ECs in patients with PAH (80) .
As a proof of concept for the potential use of enzastaurin in BMPR2-deficient patients with PAH, we first investigated enzastaurin in Bmpr2 1/2 and wild-type C57BL/6 mice and provided evidence that a 2-week treatment with enzastaurin (15 mg/kg/d) attenuated hypoxia-induced PH, as measured by changes in RVSP, RVH, and pulmonary physiology. For potential translational relevance, we found an additive effect of FK506 and enzastaurin treatment in mice ( Figure E4 ).
We then set out to test enzastaurin in the Sugen5416/hypoxia/normoxia rat model that develops severe pulmonary vascular remodeling that most closely mimics the human disease (42) , including the severe neointima formation and RV failure (81), thus being superior to mouse models and the monocrotaline rat model that develops severe PH predominantly due to medial hypertrophy (82) . Few studies have demonstrated reversal of established PH in Sugen5416/hypoxia/normoxia rats (6, 12, 32, 83, 84) . We found that low-dose enzastaurin (5 mg/kg/d) potently reversed Sugen5416/hypoxia/normoxia-induced lung and RV damage by increasing FHIT and BMPR2 signaling. The interpretation of the finding is limited, which is based on the small sample size. Although enzastaurin is evaluated as a PKCb inhibitor in cancer (21), we did not observe a significant decrease in PKC activation as measured by its phosphorylation ( Figure E6 ) in wholelung tissue after enzastaurin treatment of Sugen5416/hypoxia/normoxia-treated rats. We confirmed that enzastaurin increased FHIT and BMPR2 at low doses (5-15 mM) in vitro ( Figure E12 ) and that enzastaurin differs from other selective PKCb and global PKC inhibitors with regard to its potential to modulate FHIT, BMPR2, and ID as well as is effect on PAEC function ( Figures E13 and E14 ). This might be due to our relative low-dose enzastaurin treatment in vivo compared with previous 
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clinical trials (85, 86) and in in vivo rodent studies (87) and doses required to achieve reductions in protein kinase C phosphorylation in vitro (88) . Efficacy in our rodent models was seen at doses corresponding to human equivalent doses of 0.8-1.4 mg/kg/d, substantially lower than the 4-17 mg/kg/d doses used in oncology trials, species-specific differences notwithstanding (89) . We therefore propose that the effect of enzastaurin on vascular remodeling as well as FHIT expression that we observed is largely protein kinase C-independent. How enzastaurin increases FHIT is unknown; however, one potential mechanism may be Scr-mediated inhibition of FHIT phosphorylation and prevention of its subsequent degradation (90, 91) .
Conclusions
We are proposing a novel role of FHIT in PAH pathogenesis as a BMPR2 modifier gene, providing insight into BMPR2 regulation as well as opportunities for PAH intervention. FHIT expression is consistently downregulated in PAH. Reduced FHIT levels reduce BMPR2 expression and signaling, and FHIT loss in vivo leads to exaggerated experimental PH in response to hypoxia. FHIT expression can be readily increased by enzastaurin, which was beneficial in the prevention and treatment of experimental PH in Bmpr2 1/2 mice and Sugen5416/hypoxia/normoxia rats. As enzastaurin also exhibits FHITindependent effects mediated via miR17-5, it is difficult to exactly determine to what extent enzastaurin reverses PH via FHIT modulation. We conclude that FHIT is a novel and potentially essential component of the BMPR2 signaling architecture in PAH and that reduced FHIT levels can predispose to PAH development. Our studies support the further exploration of enzastaurin as a potentially beneficial treatment for PAH. n Author disclosures are available with the text of this article at www.atsjournals.org.
